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HQWVZHUHPH
GHWHUPLQDWLRQ
SOHU 9HORFLP
VXUHPHQW SU
ORSHG E\ 6
SOHU (IIHFW $
HV RQ WKH P
LRQ DQG LV UHI
KHZRUNSLHFH
ZDYH OHQJWK
JHZKLFKLV
HZRUNSLHFHY
KHVHWXSRIWK
 7KH MRLQ
ZHOO0DJQHI
DQXIDFWXUH W
 WKH VDPHSU
H RXW RI WKH
U GLDPHWHU R
HWHUZDV
HHQWKHMRLQLQ
&DSDFLWRUEDQ
FLWRU

3R
60
FLWDQFH
FWDQFH
VWDQFH
FKDUJLQJ
J\
WFLUFXLW
LPH
IWHU MRLQLQJ
LPHQVZDVP
FRQQHFWLRQVS
 D =:,&. 
DYRLG EXFNOLQ
LOHVZHUH VXS
IRUPLQJ DQG
VWRGHWHUPLQ
I  PP LQQ
HUH FXW WR D
HWHUZHUH GUL
KRUH KDUGQH
P$Q$OXPL
DVVHGWKURXJK
DV VOHHYHG D
GLIIHUHQWFDS
 )6 DQG
VDUHVKRZQL
DVXUHGZLWK
 RI WKH IRUP
HWHU 3'9
LQFLSOH RI WK
75$1' HW DO
 ODVHU ZLWK
RYLQJ ZRUNS
OHFWHGEDFN W
'XH WR WKH
 RI WKH ODVH
UHFRUGHGE\W
HORFLW\
HMRLQLQJH[S
LQJ RSHUDWLRQ
RUP  FDSD
KHGHVLUHG LQ
RSHUWLHVZHUH
 DOXPLQXP D
I WKH ULQJV Z
PPZKLFK U
JSDUWQHUV
N¶VFKDUDFWHULVWL
\QWLQJ
8
0D[
0DJ
)
Q+
Pȍ
N-
V
 WKH UHVXO
HDVXUHG 7R
XVKRXWWHVWV
 XQLYHUVDO WH
J RI WKH WX
SRUWHGZLWK D
MRLQLQJ H[SH
HWKHUHSURGXF
HU GLDPHWHU
OHQJWK RI 
OOHG WKURXJK
VV $ ZL
QXPZLUHZLW
WKHXUHWKDQH
URXQG LW )RU
DFLWRUEDQNV
0D[ZHOO0D
Q7DEOH7
D 5RJRZVNL
LQJ YHORFLWLH
V\VWHP ZDV
LV V\VWHP
 >@ LV E
D YHU\ QDUURZ
LHFH LQ WKH
R WKHPHDVXU
PRWLRQRI WK
U OLJKW LV FK
KHV\VWHPLV
HULPHQWVLVV
V ZHUH SHUI
FLWRU EDQN V
WHUIHUHQFHILW
 DFFHOHUDWHG
OOR\ (1 $:
DV  PP D
HVXOWV LQ DJD
FV
ZHOO
QHIRUP
0
0
)
Q+
Pȍ
N-
V
WLQJ H[SDQV
GHWHUPLQH WK
ZHUHSHUIRUP
VWLQJPDFKLQ
EHV GXULQJ S
PDQGUHO LQV
ULPHQWV ZHUH
LELOLW\RIWKH
DQG  PP
 PP +ROHV
PP ORQJ
WK DQ RXWHU
KDGLDPHWHU
URGDQGWKH
WKH IRUPLQJ
ZHUHXVHGD
JQHIRUP 
KHGLVFKDUJH
FRLO DQG IRU
V D 3KRWRQ
 XVHG 7KH
ZKLFK ZDV
DVHG RQ WKH
 EDQGZLGWK
GLUHFWLRQ RI
HPHQWSUREH
HZRUNSLHFH
DQJHG 7KLV
SURSRUWLRQDO
KRZQLQ)LJ
RUPHG RQ D
HH7DEOH 
MRLQWV WXEHV
DJDLQVW ULQJV
 7KH
QG WKH LQQHU
SRIPP
D[ZHOO
DJQHIRUP
)
Q+
Pȍ
N-
V
LRQ RI WKH
H VWUHQJWK RI
HG)RUWKLV
HZDV XVHG
XVKRXW WKH
LGH(DFKRI
 UHSHDWHG 
SURFHVV
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5HVXOWV
3.1. Forming
7KHIRUP
HQHUJ\OHYHO
N-IRUWKH
VKRZV WHPS
YHORFLW\ IUR
608 )
ZKLFKZDV
N$DQG

)LJ&XUUHQW
N-LQSXWHQHUJ
7KH PD[
EHPV
GXHWRIDLOXU
VDPHHQHUJ\
UHVXOWHG
)LJ +HUH
DQG WKH FXU
WXEHV IUDFWX
EDQNZKHUH
VORZHU0D[
UHDFKIDLOXUH
ZDVRQO\DUR

)LJ  S
UHVSHFW WR F
SDUDPHWULF V
ZLWKLQFUHDV
VRXUFHV7KH
DW HDFK HQH
UHSHDWDEOHUH
 experiments
LQJH[SHULPH
VRIWRN-
ODUJHU0D[Z
RUDO KLVWRULH
P DQ H[SH
6 DW  N- LQ
DVVXPHG DV E
ZDVUHDFKHGL
DDQGYHORFLW\
\IURPWKH3R\Q
LPXP H[SDQV
7KH FRQVWDQ
HDQGVXEVHTX
ZKHQVXSS
LQFXUUHQWDQ
 WKH SHDN FX
UHQW ULVH WLP
UHG DW DQ LQSX
DVLWUHTXLUHG
ZHOO0DJQHIR
VWUDLQV7KH
XQGPV
ORWV WKH PD[L
KDUJLQJ HQHU
WXG\ 7KH WUH
LQJHQHUJ\FD
H[SHULPHQWV
UJ\ OHYHO ZH
VXOWVLQWHUPV
 
QWVZHUHSHUI
IRUWKH608
HOO0DJQHIRUP
V RI FXUUHQ
ULPHQW GRQH
SXW HQHUJ\ 7
XUVW FXUUHQW L
QMXVWV
EWUDFHRIDWXEH
WLQJ608)
LRQ YHORFLW\
W YHORFLW\ IUR
HQWIUHHIOLJK
OLHGIURP0D
GYHORFLW\KLV
UUHQWZDV IR
H ZDV PHDVX
W HQHUJ\RI
N-RILQSX
UPPDFKLQH
SHDNYHORFLW\
PXP H[SDQV
J\ RQ WKH WZ
QG RI LQFUHD
QEHVHHQKHU
ZKLFKZHUH
UH IRXQG WR
RISHDNYHOR
RUPHGDWFKDU
DQGRI
EDQN)
W DQG H[SDQ
 ZLWK 3R\Q
KH SHDN FXU
Q WKLV VWXG\
H[SDQVLRQWHVWZ
6FDSDFLWRUEDQN
ZDV PHDVXUH
PV
WRIWKHWXEH
[ZHOO0DJQH
WRULHVDVVKRZ
XQG WR EH 
UHG DV  V
N-ZLWK WKH
WHQHUJ\IURP
WRPDNHWKHW
HYHQLQWKDW
LRQ YHORFLW\
R EDQNV XVHG
VHG SHDN YHOR
HIRUERWKHQ
 UHSHDWHG W
SURYLGH JHQH
FLW\
JLQJ
WR
LJ
VLRQ
WLQJ
UHQW
ZDV

LWK

G WR
ZDV
7KH
IRUP
QLQ
 N$
7KH
 IDVW
 WKH
XEHV
FDVH
ZLWK
 IRU
FLW\
HUJ\
LPHV
UDOO\
)LJ
N-L

)LJ
0D[Z
7
JHQH
VHHQ
UHDF
608
+RZ
WLPH
ZLWK
FXUU
7XF
VROH
+RZ
WKLV
DUHR
&XUUHQWDDQG
QSXWHQHUJ\IURP
0D[LPXPYHOR
HOO0DJQHIRUP
KH GLVSDULW\
UDWRUVZLWK G
 LQ)LJ :
KHGPXFKKLJ
)6DV
HYHU DV VHHQ
VWKHSHDNH[
 WKH EXUVW F
HQW 7KLV UHV
NHUDQG6WDQW
O\RQWKHEXUV
HYHULWKDVD
PD\QRWKROG
QWKHRUGHUR
YHORFLW\EWUDFH
WKH0D[ZHOO0
FLW\DVDIXQFWLRQ
DQG3R\QWLQJ
 LQ HIILFLHQ
LIIHUHQW FXUUH
LWK WKH VDPH
KHUH[SDQVLRQ
FRPSDUHGWR
 LQ)LJ  LU
SDQVLRQYHOR
XUUHQW ZKLFK
XOW ZDV LQ OL
RQ>@ WKDW W
WFXUUHQW
OVREHHQVKRZ
 WUXH IRU WKH
IWHQVRIPLFU
RIDWXEHH[SDQ
DJQHIRUPFDS
RIFKDUJLQJHQHU
608)6
FLHV RI WKH
QW ULVH WLPHV
 LQSXW HQHUJL
YHORFLWLHVZ
0D[ZHOO0D
UHVSHFWLYH RI
FLW\VFDOHGS
 ZDV WDNHQ
QH ZLWK WKH
KHIO\HUYHOR
QE\9LYHN
FDVHZKHQ WK
RVHFRQGV
VLRQWHVWZLWK
DFLWRUEDQN
J\EIRU
 WZR SXOVH
 FDQ DOVR EH
HV WKH WXEHV
LWK3R\QWLQJ
JQHIRUP
 FXUUHQW ULVH
URSRUWLRQDOO\
DV WKH SHDN
DUJXPHQW RI
FLW\GHSHQGV
HWDO>@WKDW
H ULVH WLPHV
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)LJ0D[LPXP
0DJQHIRUP
7KHUHDVR
RI WKH GHOD
DOXPLQXP Y
LPSXOVH MXV
H[SODQDWLRQ
QHHGHG
3.2. Joining 
)LJD
7KH FKDUJLQ
EHWZHHQD
ZLWK PXOWLS
7KLVSDUWZ
RIWKHWHFKQL
ZHUHSXWWKU

)LJD6SHFL
WRDFRSSHUWXE
FRSSHUWXEHZLW
,Q)LJ 
MRLQW VSHFLP
OHYHO LV GLVS
YHORFLW\DVDIX
DQG3R\QWLQJ60
QIRU WKLVZD
\HG H[RWKHUP
DSRU WR DX
W IURP WKH
IRU VXFK G
experiments 
VKRZVDQH[
J HQHUJLHV IR
QGN-)LJ
OH MRLQWV DQG
DVFUHDWHG MXV
TXHSUHVHQWHG
RXJKPHFKDQ
PHQRIWKHMRLQLQ
HZLWKRQHGLVFKD
KVWHHOILQV
 D WKH UHVX
HQV DV D IXQ
OD\HG$Q LQ
QFWLRQRIEXUVWF
8)6
VSURSRXQGH
LF FKHPLFDO
JPHQW WKH L
ZLUH EXUVW
LVSDUDWH REV
DPSOHRIWKH
U WKHVH RSHUD
E DQG F
 WKH VFKHPDW
W WRGHPRQVWU
KHUH2QO\W
LFDOWHVWLQJ
JH[SHULPHQWV
UJHFVHWXSIRU
OWLQJ VWUHQJWK
FWLRQ RI WKH
FUHDVLQJFKDU
XUUHQWIRU0D[Z
GWREH WKHDE
UHDFWLRQV RI
QLWLDO PHFKD
$ SK\VLFVE
HUYDWLRQV LV
MRLQHGVSHFLP
WLRQVZHUH YD
VKRZD VSHFL
LF IRU FUHDWLQ
DWH WKHFDSDE
KHWXEHULQJM
EVL[VWHHOILQVMR
WKHJHQHUDWLRQR
 RI WKH H[SDQ
 FKDUJLQJ HQ
JLQJHQHUJ\ O

HOO
LOLW\
 WKH
QLFDO
DVHG
VWLOO
HQV
ULHG
PHQ
J LW
LOLW\
RLQWV

LQHG
IWKH
VLRQ
HUJ\
HDGV
WRD
XQWL
FRQY
SHUP
YDOX
WZR
REVH
SDUW
VXSS
)LJ
H[SD
VKRZ
WKH
OLWHU
7
E\
FRHI
WKH
DQG
SDUD
DQG
HODV
DUHV
LQFU
)LJ
FKDUJ
Q LQFUHDVHGD
OWKHRQVHWRI
HUWHGLQWRPH
DQHQWGHIRUP
HRIRQHH[SD
YDOXHV7KLV
UYHGDWWKHFR
LFXODU H[SHULP
OLHGWRWKHZ
  E GLVS
QVLRQ DQG D
V D SURSRUWL
WZR SDUDPHW
DWXUH>@
KHVWUHQJWKR
&RORXPE¶V
ILFLHQWRIIULF
DUHDRI WKH MR
aMRLQW ZHUH NH
PHWHUPXVWE
WKHGHIRUPDW
WLFUHFRYHU\R
XOWWKHLQWHUI
HDVHGDVZHOO
D'HIRUPDWLRQ
LQJHQHUJ\EU
PRXQWRIHQH
YDSRUL]DWLRQ
FKDQLFDOZRU
DWLRQ2QO\
QVLRQVLJQLILF
FDQEHDWWULEX
QQHFWLRQSODW
HQW $V D UH
LUHJHQHUDWLQJ
OD\V WKH UHOD
FKLHYHG SXVK
RQDOO\ LQFUHD
HUV ZKLFK LV
IDQLQWHUIHUH
ODZ RI IULFWL
WLRQμWKHLQW
LQLQJ]RQHaM
SW FRQVWDQW L
HpL%\LQFUH
LRQRI WKHVSH
IWKHWZRMRLQ
HUHQFHSUHVVX
DVWKHMRLQWV
RIWKHULQJGLDP
HVXOWLQJSXVKRXW
UJ\GHSRVLWHG
7KHUHIRUHP
NOHDGLQJWR
DW WKH OHYHOR
DQWO\ORZHUWK
WHG WRDUFLQJ
HVRIWKHVHWX
VXOW D ORZHU
DZHDNHUSU
WLRQ EHWZHHQ
RXW IRUFH 7
VLQJ UHODWLRQV
 LQ DFFRUGDQ
QFHILWMRLQWL
RQ ,W GHSH
HUIHUHQFHSUH
MRLQW6LQFH WKH
Q WKLV ZRUN
DVLQJWKHFKD
FLPHQV WKH
LQJSDUWQHUVL
UHLQWKHMRLQ
WUHQJWKZDVK
HWHUDRLQGHSHQ
IRUFHFD[LQGHS
 LQ WKHZLUH
RUHHQHUJ\LV
DQLQFUHDVHG
IN- LV WKH
DQWKHRWKHU
ZKLFKZDV
SGXULQJWKLV
 FXUUHQWZDV
HVVXUHSXOVH
 SHUPDQHQW
KH GLDJUDP
KLS EHWZHHQ
FH ZLWK WKH
VGHWHUPLQHG
QGV RQ WKH
VVXUHpLDQG
YDOXHVRIμ
WKH DIIHFWHG
UJLQJHQHUJ\
GLIIHUHQFH LQ
QFUHDVHG$V
LQJ]RQHZDV
LJKHU
GHQFHRIWKH
HQGHQFHRIDR
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6LQFH WKLVZDV WKH ILUVW WLPH WKDW DQ H[SDQVLRQ MRLQW
ZDV FUHDWHG E\ WKH YDSRUL]LQJ ZLUH WHFKQLTXH RQO\ D
OLPLWHG QXPEHU RI H[SHULPHQWV ZHUH GRQH WR WHVW WKH
IHDVLELOLW\RIWKLVSURFHVV1RZWKDWJRRGMRLQWVWUHQJWKV
DQGUHSHDWDELOLW\XQGHUDOLPLWHGVHWRISDUDPHWHUVKDYH
EHHQ HVWDEOLVKHG IXWXUH H[SHULPHQWV FDQ IRFXV RQ WKH
FKDUDFWHUL]DWLRQRI WKHSURFHVVZLWK D ODUJHU QXPEHURI
SDUDPHWHUV
&RQFOXVLRQ
([SDQVLRQRI$$7WXEHVZDVLPSOHPHQWHGE\
SUHVVXUH SXOVHV JHQHUDWHG E\ UDSLG HOHFWULFDO
YDSRUL]DWLRQ RI FRQFHQWULFDOO\ SODFHG DOXPLQXP ZLUHV
FRQWDLQHG LQ SRO\XUHWKDQH URGV ZKLFK DFWHG DV D
SUHVVXUH WUDQVIHUPHGLXP ,WZDV IRXQG WKDW WKHFXUUHQW
ULVH WLPHRI WKHSXOVHJHQHUDWRUKDG D VLJQLILFDQW HIIHFW
RQLWVHIILFLHQF\LQSURSHOOLQJWKHWXEHV$N-GLVFKDUJH
IURPWKHFDSDFLWRUEDQNZLWKDVKRUWFLUFXLWULVHWLPHRI
V UHVXOWHG D LQ SHDN YHORFLW\ RI QHDUO\ PV
ZKHUHDVDFRUUHVSRQGLQJGLVFKDUJHZLWKDVULVH WLPH
FDSDFLWRUEDQNFDXVHGDSHDNYHORFLW\RIRQO\PV
-RLQLQJ E\ WXEH H[SDQVLRQ ZDV GHPRQVWUDWHG DV D
IHDVLEOH DSSOLFDWLRQ RI WKH YDSRUL]LQJ ZLUH WHFKQLTXH
ZLWK FUHDWLRQ RI VLQJOH DQG PXOWLSOHMRLQW VSHFLPHQV
6LQJOHMRLQWVDPSOHVZKHQVXEMHFWHGWRSXVKGRZQWHVWV
VKRZHG VLJQLILFDQW MRLQW VWUHQJWK ZKLFK VFDOHG DOPRVW
OLQHDUO\ZLWKUHVSHFWWRWKHSODVWLFGHIRUPDWLRQ7KHMRLQW
VWUHQJWKIRUVDPSOHVZDVDOVRIRXQGWREHUHSHDWDEOHIRU
DJLYHQLQSXWHQHUJ\,WZDVDOVRVHHQWKDWDUFLQJWKURXJK
WKH WXEH VSHFLPHQ FDQ UHGXFH WKH HIILFLHQF\ RI WKLV
SURFHVVDQGVKRXOGEHDYRLGHG
$FNQRZOHGJHPHQWV
7KH ZRUN LV EDVHG RQ WKH LQYHVWLJDWLRQV RI WKH
VXESURMHFW $ ³-RLQLQJ E\ )RUPLQJ´ RI WKH
7UDQVUHJLRQDO&ROODERUDWLYH5HVHDUFK&HQWHU7UDQVUHJLR
ZKLFK LVNLQGO\ VXSSRUWHGE\ WKH*HUPDQ5HVHDUFK
)RXQGDWLRQ ')* 6RPH RI WKH UHVXOWV RI WKLV
PDQXVFULSW ZHUH DFKLHYHG GXULQJ D UHVHDUFK H[FKDQJH
VWD\ RI WKH FRUUHVSRQGLQJ DXWKRU DW WKH ,QVWLWXWH RI
)RUPLQJ 7HFKQRORJ\ DQG /LJKWZHLJKW &RQVWUXFWLRQ DW
78'RUWPXQG8QLYHUVLW\
5HIHUHQFHV
>@ 0RUL.%D\1)UDWLQL/)DEUL]LR0 DQG7HNND\D$(
 ³-RLQLQJ E\ SODVWLF GHIRUPDWLRQ³ &,53 $QQDOV ±
0DQXIDFWXULQJ7HFKQRORJ\SS
>@ 3V\N 9 5LVFK '.LQVH\ %/ 7HNND\D$( DQG.OHLQHU
0  ³(OHFWURPDJQHWLF )RUPLQJ ± $ UHYLHZ³-RXUQDO RI
0DWHULDOV3URFHVVLQJ7HFKQRORJ\SS
>@ %DODQHWKLUDP96'DHKQ*6+\SHUSODVWLFLW\LQFUHDVHG
IRUPLQJOLPLWVDWKLJKZRUNSLHFHYHORFLW\6FULSWD0HWDOOXUJLFDHW
0DWHULDOLD±
>@ :HGGHOLQJ & :RRGZDUG 67 0DUUp 0 1HOOHVHQ -
3V\N97HNND\D$(DQG7LOOPDQQ:³,QIOXHQFHRI
JURRYHFKDUDFWHULVWLFVRQ VWUHQJWKRI IRUPILW MRLQWV´ -RXUQDORI
0DWHULDOV3URFHVVLQJ7HFKQRORJ\SS
>@ =KDQJ < %DEX 6 3URWKH & %ODNHO\ 0 .ZDVHJURFK -
/D+D0DQG'DHKQ*6³$SSOLFDWLRQRI+LJK9HORFLW\
,PSDFW:HOGLQJ DW9DULHG'LIIHUHQW /HQJWK 6FDOHV´ -RXUQDO RI
0DWHULDOV3URFHVVLQJ7HFKQRORJ\SS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